The area of molecular contact between surfaces plays a central role in friction and adhesion. Traditionally it is calculated using continuum contact mechanics, which is known to break down as the contact width approaches atomic dimensions. Yet contact mechanics 1 is being applied at ever smaller lengths, even to atomic force microscope (AFM) tips containing a few atoms. Molecular simulations are used to test the limits of contact mechanics under ideal non-adhesive and adhesive conditions. A simple geometry of sphere-on-flat is considered. One surface is an atomically flat crystal and is deformable. The approximately spherical curved surface is rigid and is produced by bending a crystal, or cutting a crystal or amorphous material. While these methods of producing the curved surface differ only in the amount of atomic-scale roughness, they produce very different behavior in some quantities. The normal stiffness is affected very little, the contact area can be modified by a factor of two, and the friction and lateral stiffness can be modified by an order of magnitude. The implications for AFM experiments are discussed.
METHOD
To mimic AFM experiments, we use MD to simulate contacts between a rigid spherical surface of radius R and an elastic substrate. The substrate is an fcc crystal with a (001) surface. We present results for both ideal elastic springs between nearest neighbors separated by 2 1/6 σ and LennardJones (LJ) interactions that identify the limits of elastic behaviour. A constant normal force is applied on the spherical tip to press it downward onto a horizontal elastic surface (Fig.  1) . Periodic boundary conditions are applied in the lateral directions. Each dimension of the substrate is about 200σ, which is 10 times more than the biggest contact radius in the simulation. All results are made dimensionless by dividing by suitable powers of R, the atomic diameter σ (~0.3nm), and the effective elastic modulus E * . Three methods for creating the spherical surface are contrasted in Fig. 1 . All produce surfaces with the minimum roughness possible in an atomistic system, and are identical from the continuum perspective. In the first, a slab of extremely high-density fcc crystal is bent into a spherical surface. Since the atomic spacing on the tip is about 20 times smaller than in the substrate, it approximates a continuous sphere. Results from this geometry are treated as numerical solutions of the continuum equations for a substrate with finite depth. In the second, a sphere is cut from an fcc crystal, leading to discrete steps of atomic height. Both spherical tip and substrate have the same atomic spacing (commensurate). In the third, a sphere is cut from an amorphous solid.
The radius R was chosen to be 100σ since it corresponds to a typical AFM tip radius (~30nm) 2 . Previous studies show that deviations from continuum theories will increase with the size of tip 3 . We present results for purely repulsive interactions between tip and substrate atoms. The main additional feature we found in calculations with adhesion is that atomic scale roughness can greatly reduce the interfacial free energy. 
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RESULTS
The relation between tip displacement δ and the external normal force N can be directly measured from AFM experiments. Simulation results for these quantities are compared to contact mechanics 1 in Fig. 2(a) . Displacements for all surfaces are in quite good agreement (<0.2σ) with each other even though surface geometries for these tips are totally different and δ is less than 4 atomic diameters. The analytic solution for a semi-infinite substrate fits the high density tip data at small δ, but deviates at larger loads due to the finite depth of the substrate. The displacements for tips with amorphous or cut crystal surfaces can be made to fit a continuum relation at small deformations with small adjustments (~15%) in R or the effective Young's modulus E*, and small shifts (~0.2σ) in the zero point of δ. These levels of accuracy are difficult to achieve in experiments. The agreement in displacements might lead one to believe continuum mechanics could be used to calculate other quantities that are not directly measurable in AFM experiments. However, Fig. 2(b) shows that errors in contact radius a are much greater. Results for the bent high-density sphere can be fit almost exactly by continuum theory even though the depth of substrate is finite. But contact areas for other, more realistic, spheres are much bigger since atomic discreteness smears the contacts over a wider region. And the resulting curves can not be accurately fit by any fixed values of R and E*. A better description is provided by augmenting a by 2 to 5 atomic diameters over the whole range of loads.
We also studied anharmonic effects in the substrate by using LJ interactions. In Fig. 3 , we show the relation between the pressure at the center of the contact P 0 and a for a smooth sphere in contact with a substrate with either spring or LJ interactions. When spring interactions are used, results are well fit by continuum theory: πP 0 /(2E * )=a/R. But LJ interactions within the substrate lead to a non-linear relation between P 0 and a. This is due to the non-linear LJ force which changes the effective Young's modulus of the material as it is deformed. Compared with spring interaction in the substrate, this anharmonic effect results in a faster increase in P 0 and slower increase in a under external loads.
Large stress peaks are observed beneath cut crystal and amorphous tips. These lead to yield at lower loads than expected from continuum theory. The frictional and lateral contact stiffness are also strongly dependent on tip geometry. 
Conclusions
The above results suggest that contact areas and yield stresses will be underestimated by continuum theory and that anharmonic effects also lead to deviations from the predictions of continuum theory. We modelled AFM tips as atomically smooth spheres. Real AFM tip surfaces are usually rougher, so an even bigger deviation from continuum theory is expected. Many AFM experiment results have been fit to continuum theory. However, the fitting parameters are difficult to measure independently in order to test continuum theory.
